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INTRODUCTION
Brain arteriovenous malformations (AVM) are rare vascular lesions, with prevalence rate estimates of 0.02% all the way to 0.2%. 1, 2 They predispose often young and otherwise healthy patients to several complications, handicaps and even death. Patients are typically in their third or fourth decade of life, [3] [4] [5] which further magnifies the damage of long-term illness, both to the patient and the healthcare system. Infratentorial AVMs, consisting of 5-15% of all intracranial AVMs 4,6-8 , have shown in studies to bear even more considerable mortality and morbidity rates than their supratentorial counterparts 3, [9] [10] [11] . They also have a much higher rupture rate 4, 12 , even as high as 8-
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Pohjola 3 purpose of this study was to analyse the preoperative features influencing the clinical outcome after surgery at the early recovery stage and at last follow-up. Also, morphological and clinical data were analysed to identify the typical nature of these lesions. The high-quality public health care system in our country provides accessible and extensive hospital records and vital statistics. Also, the relatively steady and homogeneous population offer an excellent basis for clinical research. In addition, all AVMs are treated in university hospitals with defined catchment areas.
PATIENTS & METHODS
Patients and Follow-up
Between 1942 and 2014, 805 patients with brain AVM were admitted to our neurosurgical department. These patients and their clinical records were collected into a database consisting of demographic, morphological, clinical, treatment and follow-up data. See Figure 1 for the flowchart of patient selection for this study. Six cases with ruptured AVMs were excluded from the surgical cohort and were not part of the statistical analysis. In five of them, the ruptured AVM was not operated. In three of these the AVM was not treated at all, as the clinical condition upon admission was too severe, and the patients deceased soon after. Of the remaining three, in one case with posterior midbrain AVM, the lesion was first embolized and treated with radiosurgery later on. The fifth case, also with posterior midbrain AVM, received only radiosurgery. Sixth case with ruptured AVM was excluded from the analysis, because the surgical treatment was initiated in another hospital abroad, and the patient was transferred to us later on.
Data have been gathered retrospectively from clinical records, and the death certificates were obtained from state authorities to verify the date and cause of death for deceased patients. The M A N U S C R I P T
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final outcome data was gathered with questionnaires from patients who were alive and 18 years or older during 2016. This study was approved by the hospital's ethical board. According to national legislation, patient consent is not required for the use of registry data for academic research purposes. However, all alive individual participants gave their informed consent for the use of questionnaire data for this study.
AVM diagnosis was based on angiography (DSA and/or CTA). AVM location classification into either supratentorial or infratentorial (and more specifically into either cerebellar or pontomesencephalic), size, angioarchitecture, associated aneurysms and rupture status were evaluated based on CT and/or MR imaging and angiography. Also, lesions were classified regarding their eloquence. Deep seated lesions located in the brainstem, in deep cerebellar nuclei or in cerebellar peduncles were considered eloquent. The AVM was determined ruptured before admission based on haemorrhage in imaging. Preoperative severity of bleeding was estimated using
Hunt & Hess (H&H) scale. 17 For patients with multiple bleedings in clinical history, the essential bleeding regarding clinical outcome was the one leading to treatment in our center, and its H&H value was used in the analyses. Lesions were evaluated on Spetzler-Martin (S-M) grading system.
Patients had control angiograms performed immediately after operation to rule out/detect residual AVM. Glasgow Outcome Scale (GOS) 18 was used as a measure of outcome for the early stage of recovery (2-4 months after admission). Status was estimated based on hospital patient files and therefore the coarser GOS was used to represent outcome at the early stage. Modified Rankin Scale (mRS) 19 , evaluated based on structured questionnaire obtained in 2016, was used in the evaluation of outcome at last follow-up. However, for Table 4 we reported the last follow-up GOS grades (estimated by using clinical records) to improve the comparability of the studies. For those patients who had died, the date of death was defined as the last follow-up date. Two patients had died of cancer and were not included in the last follow-up analyses.
Statistical methods
Venous drainage of the lesion was categorized into deep, superficial or both superficial and deep.
Lesions with both superficial and deep drainage were considered deep in the dichotomous statistical analyses. The outcome at first follow-up, measured with GOS, was dichotomized and scores <4
were considered poor. The mRS grades at last follow-up were also dichotomized, values <3 were considered favourable.
The relation between categorical variables and outcome was analysed using Fisher's Exact 
RESULTS
Characteristics of the cohort
The final cohort consisted of 38 patients with an infratentorial AVM. Their mean follow-up time was 9.7 years (range 7 days -26 years). Anatomical and demographic data of the cohort are summarized in Table 1 . Main symptoms were severe headache (45%, n = 17), sudden loss of consciousness (37%, n = 14), nausea and vomiting (5.3%, n = 2) and focal neurological deficit (2.6%, n = 1). For four patients (11%) the main symptom was undetermined. Six patients (16%) had associated aneurysms and out of these patients three were confirmed to have bleeding caused by it.
Twenty-one patients (55%) were diagnosed with hydrocephalus at admission. Clinical severity of the hemorrhage based on H&H scores at admission are given in Table 2 .
Surgical results
Total extirpation of the AVM was achieved by surgery in 36 patients (95%). In five of them, second operation was required after control DSA demonstrated a small residual AVM. In one case, only a ruptured, AVM-related aneurysm was ligated and the nidus was later completely obliterated with stereotactic radiosurgery. In another case, late DSA control demonstrated a small residual nidus after preoperative embolization and surgery, which was then successfully treated with radiosurgery.
Three patients required permanent CSF shunting.
Factors influencing clinical outcome after surgery
Comparing the clinical status of patients at the two follow-up stages, only one patient had improved beyond the early follow-up status (GOS severe disability mRs slight disability, follow-up time 3.7 years) and two had actually deteriorated from favourable to poor outcome within the relatively long follow-up period. One of them had a good recovery status at the first follow-up but had deteriorated to moderate disability (follow-up time 15 years). The deterioration of the other patient might only be because of the different grading systems, since the outcome was moderate disability at both stages at (follow-up time 11 years), thus the magnitude of actual clinical deterioration is impossible to estimate retrospectively. Otherwise patients in the cohort had maintained the outcome between the two follow-up stages, even when taking the different grading systems into account.
Also, two patients were dropped out of the last follow-up analyses because their reason of death was not attributed to AVM. Distribution of outcome grades can be found in Table 3 .
Early recovery
See Table 2 
Outcome at last follow-up
Deep venous drainage was the only variable that correlated significantly with poor late outcome in univariate analyses. Neither the preoperative S-M grade nor H&H score correlated with outcome at last follow-up. In addition, none of the other tested variables showed significant relation to the outcome in univariate testing.
Also in the final regression model, the only independent variable predicting poor outcome was deep venous drainage (OR 5.00, 95% CI 1.030-24.28, p = 0.046). All other tested variables failed to predict outcome significantly.
Deceased patients
At the end of 2016, six patients had died; two of them of cancer. Four patients had died from AVMrelated reasons; in them, the interval between haemorrhage and death varied from 23 to 55 days.
Three of them had severe bleedings (H&H 4 or 5) from cerebellar AVMs and were unconscious or severely disabled for the whole treatment period. One of them with intraventricular haemorrhage developed a severe vasospasm affecting also supratentorial circulation and died of widespread cerebral ischemia. One patient with S-M grade 2 vermian AVM was admitted with a mild haemorrhage (H&H 2), but suffered a severe re-bleeding immediately after preoperative embolization, and developed widespread brainstem ischemia despite immediate hematoma M A N U S C R I P T
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Summary of previous posterior fossa studies
In Table 4 are summarized data about four posterior fossa study cohorts, with different main treatment modalities. The lack of reported items in some of the studies compromised the conduction of the table, however, with the gathered data it can be appreciated, that the patient populations subject to certain treatment modalities differ in terms of multiple characteristics, including lesion size, number of associated aneurysms and presentation S-M score.
Two representative cases are presented in Figures 2 and 3.
DISCUSSION
Infratentorial AVMs pose a unique clinical challenge: lesions are often located near the eloquent locations of the brainstem and, thus, don't require large haematoma volumes to become lethal. infratentorial patients, whose AVM most often presents already ruptured. This is why our study, consisting of surgically operated patients with ruptured AVMs, comes of importance.
Our study consisted of patients admitted within a 24-year span. During this period, there have been many technological advances, however, their influence on the patient prognosis is most likely not as important as the advances in technology before the 90's. MRI imaging has become more available, even for patients with AVM haemorrhage (obviously excluding the patients in urgent emergency).
For the emergency situations, the CT angiography has enabled practically an immediate access to the operating theatres, in comparison to the DSA angiography. ICG (indocyanine green)
angiography helps discerning feeding arteries from draining veins, although its value in demonstrating residual nidi is limited. Intraoperative neurophysiological monitoring, as well as neuronavigation may be helpful in selective cases.
Influence of anatomic factors on outcome
In this series, and also in the existing literature, it has been demonstrated that deep venous drainage poses a significant risk to poor outcome in surgically treated AVM patients. [21] [22] [23] There are several potential explanations for this. AVMs with deep venous drainage often have deep perforating arterial supply, which may be notoriously difficult to deal with during surgery. In addition, posterior fossa AVMs are usually deep-seated lesions located close to deep cerebellar nuclei and brainstem, as opposed to superficial AVMs with purely cortical drainage. Hypothetically, the occlusion of deeply draining arteriovenous shunting may also bring about unexpected effects of reorganization of deep venous system outflow, with more widespread and severe consequences than in the case of cortical outflux problems.
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Interestingly, size and location themselves did not influence outcome in our study. Partially, this may be due to the lack of statistical power in this rather small series. In addition, the variability in size is mandatorily smaller than in supratentorial AVMs, due to obvious spatial constraints. The fact that size did not affect outcome probably also explains the lack of association between S-M grade and outcome, as size is a major contributor to final S-M score. Eloquence is a reasonable contributor to outcome, however, it did not yield statistical significance in our analyses. Bleeding in an eloquent area is more likely to course the treatment decision towards the conservative direction, making the surgical subcohorts of eloquent locations even smaller. In our sample, we had three patients with eloquent AVMs who did not receive surgical treatment for their lesion. Two of them had died soon after the rupture. However, as mentioned in the Results section, none of the operated patients with brainstem AVM had died within the follow-up period. The lack of association between eloquence of the lesion and outcome might also influence the incapability of S-M to correlate with outcome, since eloquence is also one of the contributors to the S-M score.
Association between young age and favourable outcome
In our series, we witnessed a weak association between young age at admission and favourable outcome status at the early recovery stage, 2-4 months after surgery. This relation was not apparent in univariate tests but appeared in the regression model. A similar association has occurred also in other studies, supporting the significance of our results as well. Lawton et al. have reported a positive correlation between young age and favourable recovery from AVM surgery. 24 Their study consisted of both supratentorial and infratentorial patients and included also unruptured AVMs.
With a similar cohort to setting in 445 microsurgically treated AVMs, Ren et al. have also reported an association between young age and favourable postoperative status. given the relatively young mean age of our patient sample, and AVM patients in general, one could assume that the effect of aging would not have as serious an influence on late outcome as it has in other vascular diseases, in which the pathophysiology is more closely related to age and lifestyle.
Whether younger patients enjoyed better outcomes because of the better preoperative baseline or the better recovery from rupture and surgery, cannot be addressed in the light of our data.
The severity of bleeding and the outcome
Hunt & Hess score was originally created to demonstrate the severity of aneurysmal subarachnoid haemorrhage. 17 The haemorrhage severity in the group of posterior fossa AVMs is often of aggressive nature 9 , as already mentioned. Since AVM-specific scales to assess haemorrhage severity do not exist, we chose the H&H scale as it is based mainly on symptomatology and the level of consciousness after bleeding, and hence likely to be valid regardless of the source of bleeding. There is a recently published, more general scoring system predicting outcome of ruptured AVMs, which also consists the influence of the risk of surgical treatment. 24 Therefore, we didn't consider it as useful as the H&H scale, to assess purely the severity haemorrhage.
In our cohort, the scores at admission were relatively evenly distributed to all five grades.
As expected, high preoperative grades proved a rather significant relation to poor outcome status at the early recovery stage. In our study, the grade showed association only to the early recovery, but not to the outcome at last follow-up.
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Results in previous posterior fossa studies
Ding et al. conclude in their radiosurgical study, that subsequent embolization with radiotherapy yields worse results than radiosurgery alone for cerebellar AVMs. 25 They also report, that subsequent microsurgical resection was associated with better obliteration rates (HR 1.81, 95% CI 1.20 -2.73, p = 0.005). Their obliteration rate of 72% includes also the 23 (38%) patients treated with either microsurgery or endovascular therapy prior to radiotherapy. Also, the final rate was received after 7 years of follow-up, with the actuarial rates at three and five years being 51% and 71%, respectively. They had determined outcomes as the combination of total AVM obliteration, no postradiosurgery haemorrhage and no permanent radiation induced changes (RIC). 26 In their endovascular AVM study Robert et al. also reported only the multimodal treatment obliteration rate of 73%, which included 15 (22%) patients with subsequent radiotherapy or microsurgery. 27 The microsurgery included an evacuation of the residual nidi in nine (13%) patients. Stereotactic radiosurgery was used as a complementary treatment for six (8.7%) patients.
Finally, in their study of multimodal treatment options, Kelly et al. concluded that for S-M grade III-IV AVMs, radiosurgery alone was associated with worse results than when endovascular and/or microsurgical therapy was included in the treatment. 13 Multimodality in their study nearly tripled the cure rate, still keeping the complication rate acceptable. However, their radiosurgical subgroup consisted of only 14 patients and this might bias the results. Multimodality was the treatment strategy for 34 patients, and out of them 21 (62%) were cured. The obliteration rate for the whole study population, including patients treated with radiosurgery only, was 52%.
In our study, the obliteration rate in the purely surgical group was 100% (26/26). There were 12 (33%) multimodal patients, out of whom two (5.3%) did not receive total extirpation, leaving the obliteration rate for the whole cohort to 95%.
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The cohort characteristics in the studies are substantially different, thus the grades are not directly comparable. Furthermore, there are at least two types of selection biases present. First, the most demanding lesions are more prone to multimodal treatment, since they might require presurgical procedures or the residual nidi might be needed to eliminate with another modality after an unsuccessful operation. Second, patients are treated with certain modalities because of the existing literature and expertise, driving modern treatment cohorts into automatically representing certain types of patients.
However, there are similarities in the lesion characteristics between the endovascular and microsurgical treatment groups, yet the outcomes and obliteration rates seem to support microsurgical approach. Notably, there were more associated aneurysms and S-M grade IV lesions in the endovascular group, which might worsen the follow-up GOS grades. However, the short follow-up period of the endovascular group might underestimate the effect of unobliterated lesions and the persisting rupture risk, which is immediately eliminated with a successful surgical procedure.
Radiosurgery usually requires multiple procedures, which have shown to associate with worsened outcome 10 , and the total occlusion might take years to develop, pertaining the risk of rupture. 16 However, for lesions in eloquent areas of the brainstem and deep cerebellar nuclei, it is often preferred over microsurgery and endovascular therapy, owing to the postoperative effects in the area. 10, 13 Comparing the four studies, the obliteration rates appear best in the surgical group and the GOS grades are comparable to the endovascular group. Furthermore, with the exception of highgrade (S-M IV-V) or deep-seated lesions, previous studies have concluded that the complication risks don't significantly differ between modalities, 28, 29 even in the posterior fossa region. 13 As a monotherapy, endovascular or radiosurgical modalities are less likely to be as effective as microsurgical resection, with the exception of stereotactic radiosurgery in the eloquent areas of the M A N U S C R I P T 
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Limitations of the study
The inevitably small size of the cohort could possibly leave many reasonable influencers of the outcome insignificant in the analyses. Also, the effect might be the opposite and produce falselypositive results. This underlines the importance of patient selection to the cohort and also the rightful interpretation of the results.
Also, for methodological reasons, statuses were analysed using different grading systems, for which the borderline grades have some overlapping, and might not be able to catch the patients whose improvement or decline falls in-between the borders of these grading systems. This could be one explanation why certain factors did not appear significant at both the follow-up stages.
The retrospective nature of this study could also be interpreted as a limitation. However, the disadvantages usually associated with retrospective studies, such as missing variables, recall or misclassification bias do not apply to our study, since the data was collected using clinical records, which have been created at the time of the events and remain unaltered. Also, only few patients in the cohort had with missing variables, which were noticed during the statistical analyses, and these patients were excluded from the analyses.
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IN CONCLUSION
AVMs of the posterior fossa are rare and challenging lesions, with aggressive natural history. They require prompt management of both the infratentorial bleeding and the lesion itself. However, their rarity makes data collection and the conduction of clinical and statistical analyses difficult.
In the light of our data, venous drainage pattern has the most significant influence on patient's outcome after surgery, favouring patients with lesions with only cortical drainage. Also, it appears, that patient's age at admission and the severity of the bleeding, associate with the outcome after surgery. Our data show that even after a rupture of a treacherous infratentorial, even eloquently located AVM, patient's clinical condition can reach favourable outcomes with surgical intervention.
Still, to gain a sufficient magnitude of predictive power for these rare lesions and their outcomes, we need more similar outcome analyses from other research groups and patient cohorts. -The severity of the bleeding influences patient's outcome after surgery.
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-Even after a rupture of a treacherous infratentorial, even eloquently located AVM, patient's clinical condition can reach favorable outcomes with surgical intervention.
-We need more similar outcome analyses on these rare lesions from other research groups and patient cohorts. 
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